Abstract. The TOPEX/POSEIDON mission offers the first opportunity to observe rain cells over the ocean by a dual-frequency radar altimeter (TOPEX) and simultaneously observe their natural radiative properties by a three-frequency radiometer (TOPEX microwave radiometer (TMR)). This work is a feasibility study aimed at understanding the capability and potential of the active/passive TOPEX/TMR system for oceanic rainfall detection. On the basis of past experiences in rain flagging, a joint TOPEX/TMR rain probability index is proposed. This index integrates several advantages of the two sensors and provides a more reliable rain estimate than the radiometer alone. One year's TOPEX/ TMR data are used to test the performance of the index. The resulting rain frequency statistics show quantitative agreement with those obtained from the Comprehensive Ocean-Atmosphere Data Set (COADS) in the Intertropical Convergence Zone (ITCZ), while qualitative agreement is found for other regions of the world ocean. A recent finding that the latitudinal frequency of precipitation over the Southern Ocean increases steadily toward the Antarctic continent is confirmed by our result. Annual and seasonal precipitation maps are derived from the index. Notable features revealed include an overall similarity in rainfall pattern from the Pacific, the Atlantic, and the Indian Oceans and a general phase reversal between the two hemispheres, as well as a number of regional anomalies in terms of rain intensity. Comparisons with simultaneous Global Precipitation Climatology Project (GPCP) multisatellite precipitation rate and COADS rain climatology suggest that systematic differences also exist. One example is that the maximum rainfall in the ITCZ of the Indian Ocean appears to be more intensive and concentrated in our result compared to that of the GPCP. Another example is that the annual precipitation produced by TOPEX/TMR is constantly higher than those from GPCP and COADS in the extratropical regions of the northern hemisphere, especially in the northwest Pacific Ocean. Analyses of the seasonal variations of prominent rainy and dry zones in the tropics and subtropics show various behaviors such as systematic migration, expansion and contraction, merging and breakup, and pure intensity variations. The seasonality of regional features is largely influenced by local atmospheric events such as monsoon, storm, or snow activities. The results of this study suggest that TOPEX and its follow-on may serve as a complementary sensor to the special sensor microwave/imager in observing global oceanic precipitation.
Introduction
Global oceanic precipitation is one of the most needed but least known geophysical parameters. Oceanic rainfall plays a key role in defining regional and global climate, being responsible for most of the freshwater flux to the sea and serving as a link in the global hydrological and geochemical cycles. The associated latent heat release is of great importance for the microwave radiometer (SMMR)/Nimbus 7 [Petty and Katsaros, 1992] , microwave sounding unit (MSU)/NOAA [Spencer, 1993] , special sensor microwave/imager (SSM/I) [Wilheit et al., 1994] [Atlas, 1994] ). Among the various satellite sensors mentioned above, the SSM/I, beginning in 1987, has so far been considered as the most successful one in measuring oceanic precipitation. It is widely accepted that the SSM/I radiometers have introduced a new era of data continuity and quality which alleviates the severe shortage of reliable in situ precipitation observations over much of the world ocean. Although the value of SSM/I rainfall measurements is beyond doubt, it should nevertheless be noted that much of the confidence on its performance is based on the well-established physical background (scattering and radiation); the same lack of in situ data has ultimately hampered a direct and independent evaluation. A recent intercomparison of oceanic precipitation frequencies from 10 SSM/I rain rate algorithms and shipboard present weather reports shows that although most algorithms yield distributions in reasonable agreement with ship-derived climatology at low latitudes, the majority fail to register more than very infrequent (around 1%) precipitation at latitudes poleward of about 45 ø, in contrast to the much larger (around 10%) frequencies indicated by surface reports [Petty, 1997] . Moreover, all 10 algorithms appear to have difficulties in producing realistic precipitation frequencies in the "dry" subtropical trade wind belts where physical characteristics are thought to be unique. These results reveal some of the weaknesses of the sensor and suggest that new methods stemming from different physical principles are highly desirable for satellite observation of oceanic precipitation.
A [1996] provide a preliminary discussion on the geographical and seasonal changes of rain-contaminated altimeter data. The general approach of existing altimetric rain detection studies consists of three steps: (1) visual inspection of rainaffected parameters and subjective decision of rain events, (2) rain criteria definitions and tests, and (3) seeking independent support from other satellite data or synoptic weather charts. Unfortunately, none of the reported rain effects on altimeters have been directly confirmed by in situ observations. Given the ditficulties in obtaining surface rain measurements over the ocean, direct validation seems to be unlikely in the foreseeable future. However, on the basis of past experiences with the Seasat, ERS, and TOPEX altimeters, we believe that it is now possible to conduct a more convincing verification of altimeter rain estimates. One way to do so is to make statistical comparisons with existing rain climatology on global and seasonal scales. This forms the principal motivation of the present study. A further motivation comes from the hope that the unprecedented dual-frequency capability of the TOPEX altimeter may also bring new information on global oceanic precipitation. A final motivation is that the simultaneous flight of a dualfrequency altimeter and a three-frequency radiometer on TOPEX offers an opportunity for intercomparison of the strengths and weaknesses of each type of sensor for rain detection, in the hope that an improved rain estimate can be achieved through an optimal combination of data from the two sensors.
The idea of this study is to define a rain index which integrates the TOPEX and TOPEX microwave radiometer (TMR) measurements and which is comparable to conventional rain climatology. It is noted that a commonly adopted approach in altimetric rain detection is setting thresholds on some measured or derived geophysical parameters [Guymet et al., 1995; Quartly et al., 1996; Tournadre and Motland, 1997]. For our purpose we combine and modify various thresholds and extend them to generate a normalized rain probability index (section 2). We then produce global and seasonal statistics of the proposed index using 1 year of TOPEX data (see Table 1 for a 
Definition of Rain Probability Index
It is well known that multifrequency techniques are advantageous in satellite ocean remote sensing. This heritage is also used to explore the possibility of altimetric rain detection. Goldhirsh and Walsh [1982] are among the first who try to apply this idea to TOPEX. The feasibility of such a consideration is largely based on the work of Olsen et al. [1978] , who show that rain attenuation at Ku band is greater than that at C band by an order of magnitude under a wide range of rain rates. After the TOPEX data became available, a practical scheme based on the differential effect of rain on Ku and C band measurements is worked out by Tournadre and Motland [1997] as an attempt to define a new rain flag for TOPEX. The rain probability index which will be introduced below is an extension of that scheme. 
Determination of a Normal

Definition of a Joint TOPEX/TMR Rain Probability
Index
The idea of defining a joint TOPEX/TMR rain probability index has several expected advantages. First, from the sensor point of view, information from five microwave frequencies (5.3, 13.6, 18.0, 21.0, and 37.0 GHz) will be integrated, leading to a complementary sensing of the rain effects. Second, taking into account the complex and sporadic nature of the rain, probability is certainly a more appropriate term than any threshold-based categorical classification. Third, from a statistical point of view the introduction of a probability index will allow nearly 10% of the valid data, rather than otherwise around 1% of certain rain cases only, to be used in a quanti- 
Rain Frequency: Global/Seasonal Statistics
Obviously, the rain probability indexes proposed in section 2 can also be used as rain flags. In this sense the rain probability at a given measurement location is classified into four categories: (1) certain, P = 1; (2) probable, 0.8 -< P < 1; (3) possible, 0.5 -< P < 0.8; and (4)unlikely, P < 0.5.
We first restrict our discussion to rain events which are almost certain and have a look at the relative performances of the three individual indexes. Figure 3 . This illustrates that about 60% of the cases are simultaneously identified by both P.4 and Pn, 36% are triggered by P.4 alone, and P• alone accounts for the remaining 4%. Anomalies associated with cycles 8, 24, and, to some extent, 34 are also present, but cycle 24 is the only one known to have errors in data generation (Table 1) .
Furthermore, we may examine the geographical distribution of the 4% cases corresponding to P• = 1, P.4 < 1, and P• = 1, i.e., the bottom curve in Figure 3 . Although the fraction is small, it appears constantly throughout the year, implying that some geophysical background may exist. We plot these 4% of data as a function of latitude (Figure 4) . Surprisingly, the distribution is neither homogeneous nor random; two distinct peaks are found between 40 ø and 60 ø in both hemispheres. Note that the two peaks are asymmetric, with the one in the southern hemisphere being higher and narrower. This latitude band falls into the infamous "roaring forties" of maritime lore, a region of high sea state associated with severe weather systems. As a result, wave damping by heavy rain, a topic of active recent research [e.g., Tsimplis, 1992; Atlas, 1994] , is likely to be more significant and frequent than in any other regions, leading to a possible underestimate of rain probability by P.4. In 2. In the southern hemisphere a common feature for the Pacific, Atlantic, and Indian Oceans is that a triangle-shaped "rain-free" zone exists in each of the basins, extending westward from their eastern boundaries. In contrast, three northwest-southeast oriented rain belts can be seen poleward of the dry zones.
3. In the northern hemisphere the geographical pattern of rain frequency has a more remarkable seasonal variation. In the North Pacific away from the ITCZ, a dry-wet-dry zonal structure, corresponding to the trade winds, subtropical highs, and westerlies, can be easily identified. This system undergoes an annual variation with less rain events in winter and spring (Figures 5a and 5b ) and more rain events in summer and autumn (Figures 5c and 5d) . Moreover, the subtropical rain zone tends to spread in the eastern part of the basin in winter (Figure 5a ) and the western part of the basin in summer (Figure 5c) , showing an east-west annual oscillation. In the northern Indian Ocean a strong influence of the Asian monsoon on precipitation should be expected. In fact, much more rain activities are observed in the summer and autumn months (Figures 5c and 5d ) when the monsoon is active. This is particularly true in the Bay of Bengal and in the Arabian Sea where rain cases are rare during the other half of the year (Figures 5a and 5b) . In the North Atlantic the distribution of rain occurrence is largely northeast-southwest oriented, parallel to its boundaries, with higher concentration in the west.
Returning to the beginning of this section, we now examine the behavior of rain frequency for different probability categories. In doing so, we plot the rain frequency as a function of Third, both results show a poleward increase of rain frequency in the Southern Ocean, as already been noted in the previous case. However, considerable differences lie in that shipobserved rain frequency is systematically higher than satellite identification by a factor of 2 outside the ITCZ. Several reasons may be responsible for any differences in the comparison. Uncertainties associated with ship observations may come from extremely inhomogeneous sampling in space and time, systematic misclassification by inexperienced observers, "fair" or "foul" weather bias, mislocation, etc. (see Petty [1995] for a detailed discussion). On the other hand, satellite measurements are subjected to various atmospheric and meteorological perturbations, sensor noises (magnified by using multifrequency data), footprint mismatch between TOPEX and TMR, and so on. In addition, one must not forget that the COADS data used by Petty [1995] were collected between 1958 and 1991, not covering the period of the TOPEX/TMR data used in this study (see Table 1 ). In summary, ship-observed and TOPEX/TMR-identified MH and LMH rain frequencies show quantitative agreement in the ITCZ, while they show qualitative agreement in other regions. Taking into account the fact that the comparisons are made without any altimeter rain calibration/validation, the performance and potential of TOPEX rain detection are remarkable.
Rain Probability: Global/Seasonal
Characteristics In this section we go one step further in our analysis by employing an averaged rain probability index, finding its correlation with independent precipitation climatologies, and examining its regional/seasonal variations.
The individual rain probabilities defined by (3) are binned into 1 ø x 1 ø boxes, and an averaged rain index for each box, Pi,i, is introduced as 
Seasonal Change
To examine the seasonal change in global oceanic precipitation, cycles 8-44 of the TOPEX data are divided into the same four subsets as for Figure 5 . Strictly speaking, the word "seasonal" is not very accurate in this circumstance, since the data used in our analysis are only of 1-year duration which do not allow us to follow interannual variations. We nevertheless use this term in our discussion for simplicity while keeping its drawback in mind. Certainly, the prospect of being able to follow interannual variations in the behavior of the ITCZ, SPCZ, etc., is very exciting, as many other data sets are either low resolution (e.g., GPCP) or produced through averaging of many years data (e.g., COADS). The P,.
• distributions corresponding to the four seasons are shown in Plate 4. Several impressive features are described below.
1. The rainfall distribution is dominated by large-scale tropical features throughout the year. These features include the maxima along the ITCZ, the SPCZ, the SACZ, and the Indonesian area of the eastern Indian Ocean. The tropical rainfalls in these regions undergo an annual process of northsouth seesaw. For example, the Pacific ITCZ reaches its southern extreme in spring, while northern extreme is in autumn (Plates 4b and 4d), as also observed with rain frequency (Figures 5b and 5d) . This is somehow different from the result by Legates and Willmott [1990] 3. Going through the seasonal precipitation maps (Plates 4a-4d), a general phase opposition between the two hemispheres is discernible. The phase relationship can be better revealed by plotting the rain index with respect to cycle number for each hemisphere (Figure 6 ). It can be seen that on global scale excluding the polar and subpolar regions, precipitation of each hemisphere is peaked in its warmer months of the year, resulting in a general phase reversal between the two hemispheres. On top of that, seasonal oscillations are also apparent for both hemispheres. The northern hemisphere (circles in Figure 6 ) appears to have a primary peak in October (cycle 39) and a flat peak around June (cycles 26-34), while the southern hemisphere (pluses) appears to have a broad high from late December to early May (cycles 8-23). The global mean (stars), however, seems to have little seasonality. It is also clear from Figure 6 that the average rain intensity of the northern hemisphere is higher than that of the southern hemisphere during the whole year, with the difference being the greatest in early autumn. Furthermore, the magnitude of seasonal precipitation variation is larger in the northern hemisphere than in the southern hemisphere by nearly a factor of 2. This is partly the result of the larger oceanic areas in the southern hemisphere which moderate seasonal changes. From the preliminary analysis presented above, it is evident that 1 year's TOPEX and TMR data have allowed us to capture and delineate the major seasonal characteristics of global oceanic precipitation. It is hopeful that the expected 5-year TOPEX/TMR data will enable us to confirm these results, particularly those previously unknown features, and eventually to investigate the interannual variability of rainfall and its relation with ENSO which has a 2-to 4-year cycle and a strong dependence as well as influence on global and regional climate.
Summary and Final Remarks
The work presented here is primarily a feasibility study on the observation of global oceanic precipitation by TOPEX and TMR. The results obtained have clearly demonstrated the effectiveness and potential of the proposed methodology. Key contributions to its success include the following. First, the introduction of a rain probability index, which is an outgrowth of various thresholds used earlier, has enabled us to quantify rain effects on altimeter and radiometer measurements and relate them to rain frequency and intensity. The second contribution is the unique role of TOPEX, which results from the fact that TOPEX is the first dual-frequency altimeter and is perhaps also the first active spaceborne sensor used to derive precipitation maps over the ocean. An important advantage of an active microwave system is that it allows the two-way attenuation to be measured, leading to an improved efficiency in rain detection compared to a passive system. Third, the joint use of TOPEX and TMR has shown that the complementarity of the two sensors in rain detection is largely latitude dependent. In the tropics the two measurements usually differ by a factor of 2. In midlatitude areas the TOPEX altimeter tends to underestimate the rainfall due to possible wave damping, while the TMR is hardly affected by this effect. In subpolar regions where the radiometer is almost ineffective, the altimeter is seen to have a better performance. Despite the above-mentioned strengths the weaknesses of the present methodology should also be pointed out. For instance, the proposed rain probability index cannot, at this stage, provide a direct and quantitative estimate of rain rate. An attempt to establish an empirical relation between them is currently underway. In addition, the TOPEX altimeter can only detect rain events at nadir points along fixed ground tracks. This is obviously a disadvantage compared to the wide swath radiometer like SSM/I. This work is also a step toward constructing a TOPEX/TMR precipitation climatology. Attempts have been made to compare our results with those from the GPCP and COADS rain climatologies. In terms of rain frequency, TOPEX/TMR and COADS show quantitative agreement in the ITCZ and qualitative agreement in other regions. Recalling that more than two thirds of the global precipitation falls in the tropics and subtropics, such an agreement is encouraging. On the basis of a rain index combining TOPEX and TMR, annual and seasonal precipitation maps are constructed which, to our knowledge, are the first of their kind. On global scale the three basins bear a number of similarities such as a prominent rain belt in the ITCZ, a dry zone in the subtropics of each hemisphere, and a northwest-southeast oriented rain belt in the southwestern part of each basin (Plate 3a). Comparisons with simultaneous GPCP multisatellite precipitation rate and COADS rain climatology suggest that systematic differences also exist. One example is that the maximum rainfall in the ITCZ of the Indian Ocean appears to be more intensive and much concentrated in our result (Plate 3a) compared to that of the GPCP (Plate 3b). Another example is that the annual precipitation produced by TOPEX/TMR is constantly higher than those from GPCP and COADS in most of the extratropical regions of the northern hemisphere, especially along the northwest coasts of the Pacific and Atlantic Oceans (Plates 2 and 3). On regional scale, no- Finally, we would like to stress that the first satellite mission dedicated to rain measurement, the Tropical Rainfall Measuring Mission scheduled to be launched in 1997, will only be carrying a single-frequency rain radar operating at 13.8 GHz plus three multifrequency radiometers [Simpson et al., 1988] . Therefore TOPEX and its follow-on will remain as the only dual-frequency radar in orbit for some years to come. They will serve as an important component in observing global oceanic precipitation with the advantages of being simple, complementary, and "costless."
